Plasminogen activator inhibitor-1 (PAI-1) is an important endogenous inhibitor of urokinase-type plasminogen activator. Its action in tumor angiogenesis is complicated, varying with experimental setting and its cellular origin. To further understand the mechanism of the effect of PAI-1 on tumor angiogenesis, especially newly established tumor vasculature in early tumor progression, stable transfectants (TO-PAI-1) of the human prostate adenocarcinoma, PC3, were generated in which PAI-1 expression is under the control of the tetracycline-responsive promoter (Tet-On system). The TO-PAI-1 transfectants exhibit tight inducibility of expression of biologically active PAI-1 in vitro. Induction of PAI-1 expression in nude mice resulted in significant inhibition of tumor growth. This inhibition appears to be due to the effect of PAI-1 on angiogenesis, because it is manifested by an initial wave of tumor endothelial apoptosis accompanied by induction of tumor cell apoptosis and inhibition of tumor cell proliferation. Similar endothelial apoptosis is observed in vitro when human microvascular endothelial cells are physically cocultivated with TO-PAI-1 cells on vitronectin-coated plate. Taken together, these data show for the first time that PAI-1 induces endothelial apoptosis in the newly established tumor vasculature.
Introduction
Tumor progression involves the recruitment of preexisting blood vessels, a process known as tumor angiogenesis. Angiogenesis typically induces cellular migration and tissue remodeling events involving a variety of proteases as well as protease inhibitors (1) . The Plasminogen/Plasmin system is one of the most efficient enzymatic systems used by tumor and endothelial cells to break down the extracellular matrix and to invade host tissue (2 -4) . Urokinase-type plasminogen activator (uPA) and tissuetype plasminogen activator (tPA) both convert plasminogen to plasmin, which degrades matrix components and activates latent metalloproteinases and latent growth factors. Plasminogen activator inhibitor-1 (PAI-1) is the primary physiologic inhibitor of uPA and tPA. It not only regulates the proteolytic activity of uPA but also determines the level of uPA bound to uPA receptor by promoting the rapid endocytosis of the trimolecular uPA-PAI-1-uPA receptor complex (5, 6) . PAI-1 has also been implicated in modulating cell migration via alternative mechanisms (7 -9) . By blocking the interaction between vitronectin, uPA receptor, and integrins, PAI-1 may induce cell detachment from the extracellular matrix and thereby interfere with cellular migration and tumor invasion.
Surprisingly, high rather than low levels of PAI-1 are predictive of poor survival prognosis for patients suffering from a variety of different cancers (10 -13) , and a considerable amount of data regarding the role of PAI-1 in angiogenesis and tumor growth has been obtained with diverse results (14 -18) . When PAI-1 was transfected into PC3 carcinoma cells and subsequent tumor growth was measured in athymic mice, it was found that the mean tumor size in PAI-1-expressing cells was significantly smaller than control tumors (14) . In addition, the antiangiogenic effect of PAI-1 has been observed in the Matrigel implant assay (18) and in the chicken chorioallantoic membrane (19) . However, there are apparent discrepancies between these data and the lack of effect of PAI-1 deficiency on metastasis of melanoma cells (20) , MMTVPym T-induced breast cancer progression (21) , and the proangiogenic effect of PAI-1 observed in PAI-1-deficient mice. Taken together, these findings indicate that the role of PAI-1 as a determinant of tumor angiogenesis might vary with experiment settings (tumor-type or injection site dependent) and might depend on its cellular origin (tumor cells versus host cells) as well as dosage.
However, most of the studies involved in implanting tumor cells, constitutively PAI-1-expressing cells, PAI-1-containing Matrigel, or aortic ring explant into PAI-1-deficient or wild-type immunocompromised mice. As a result, the effects of PAI-1 before the initial formation of vasculature were obtained. Recently, several studies have indicated the differential efficacies of angiogenic inhibitors depending on the stage of carcinogenesis as well as angiogenesis (22, 23) . Angiogenic inhibitors, such as angiostatin and endostatin, are more potent in the early stage of tumorigenesis than in the late stage of tumorigenesis or before initial formation of the vasculature. Similar to angiogenic inhibitors, a stage-specific effect has also been shown with several proangiogenic factors, such as fibroblast growth factor-2 and vascular endothelial growth factor (24, 25) . Conditional down-regulation of fibroblast growth factor-2 or vascular endothelial growth factor expression in xenografts with 200 to 300 mm 3 caused a significant decrease in tumor growth. In contrast, late down-regulation of fibroblast growth factor-2 or vascular endothelial growth factor protein expression did not affect the further growth of the lesion.
In an attempt to investigate the effect of PAI-1 on established tumor vasculature in the early stage of tumor progression, we have created a stable PC3 Tet-On cell line. The expression of PAI-1 was induced by administrating tetracycline derivatives such as doxycycline when xenografts reached 300 mm 3 . Tumorigenicity and angiogenic phenotype were compared in tumors harvested from different time points. Our results showed the inhibition of tumorigenesis and angiogenesis by PAI-1, which is accompanied by an increase of endothelial apoptosis after PAI-1 induction.
Materials and Methods
Reagents Recombinant human PAI-1 was purchased from Molecular Innovations. Mouse monoclonal anti-PAI-1 antibody was from Santa Cruz Biotechnology. Rabbit polyclonal antibody to cleaved caspase-3 was from Cell Signaling Technology. Mouse monoclonal antibody to human CD31 and rat anti-mouse CD31 were purchased from DAKOCytomation and BD PharMingen, respectively. Doxycycline was from Sigma-Aldrich.
Cell Culture and Transfection Human prostate adenocarcinoma cell line PC3 was obtained from American Type Culture Collection and cultured in F12K (Invitrogen) supplemented with 10% Tet System Approved FBS (BD Biosciences), 100 Ag/mL streptomycin, and 100 unit/mL penicillin at 37jC in a 5% CO 2 atmosphere.
To generate tetracycline (or doxycycline) -responsive PAI-1 and enhanced green fluorescent protein (GFP) transfectants, human PAI-1 cDNA fragment (generous gift from Dr. Daniel Lawrence; 1,736 bp) and enhanced GFP cDNA fragment (730 bp cut from pEGFP-C1; BD Biosciences) were subcloned into the BamHI-and XbaI-digested pcDNA4/TO vector (Invitrogen) to give conditional expression vectors pTO-PAI-1 and pTO-GFP, respectively. The orientations and sequences were confirmed by nucleotide sequencing. When PC3 cells were 90% to 95% confluent after being plated at 5 Â 10 5 per well on sixwell plates, they were first transfected with 2 Ag pcDNA6-TR plasmid (Invitrogen) using 4 AL LipofectAMINE (Invitrogen) in serum-free F12K following manufacturer's protocol. After 6 h of incubation, the medium was changed to complete F12K medium, and the cells were passaged into complete F12K medium containing 5 Ag/mL blasticidin. After incubation for 14 days, the resulting colonies were expanded under blasticidin selection and then transfected with either pTO-EGFP or pTO-PAI-1. Zeocin (50 Ag/mL) were added to the culture medium 48 h after transfection. After 3 weeks of selective pressure, the Zeocin-resistant clones (TO-EGFP and TO-PAI-1 cells, respectively) were isolated, expanded, and tested for doxycycline responsiveness.
PAI-1Protein Production byTO-PAI-1Transfectants Transfectants were grown to 70% confluence. Then, cells were incubated in fresh serum-free medium for 2 days in the presence or absence of 1 Ag/mL doxycycline. Conditioned media were collected. Monolayers were washed three times with ice-cold PBS, dissolved in lysis buffer (CelLytic-M, Sigma), and collected. After centrifugation at 12,000 rpm at 4jC for 20 min, supernatants were then collected as cell extracts.
For immunoblot analysis, collected conditional media were incubated with 0.5 mL heparin-Sepharose bead slurry (Bio-Rad Laboratories) at 4jC for at least 4 h in a tube rotator. The beads were then precipitated by centrifugation at 4jC for 10 min. After removing the supernatant, the beads were washed twice with 5 mL ice-cold PBS, ELISA PAI-1 level of cell extracts was determined by IMUBIND Plasma PAI-1 ELISA (American Diagnostica) in accordance with manufacturer's instructions. The absorbance of the wells was measured on a SpectraMax Plus 384 ELISA plate reader (Molecular Devices), and the standard curves were drawn through absorbance values of standard solutions.
To examine vitronectin-binding activity, 96-well nontissue culture-treated plates were coated with 100 AL/well of 2 Ag/mL native vitronectin (Molecular Innovations) at 4jC overnight. Nonspecific binding was blocked with 3% bovine serum albumin for 1 h at 37jC. Cell extracts (50 Ag) were then added and incubated at room temperature for 1 h. Following incubation, cell extracts were removed, wells were washed, and bound PAI-1 was detected by using monoclonal anti-PAI-1 antibody and peroxidase-conjugated anti-mouse IgG. The plates were then developed with SureBlue TBS Microwell Peroxidase Substrate (KPL) and read (k = 450 nm) on ELISA plate reader.
To examine protease-inhibitory activity, similar assays were done on urokinase-coated plate (Molecular Innovations).
MTS Assay
Cell viability was assessed by MTS assay (CellTiter 96 AQueous One Solution Cell Proliferation Assay; Promega). Briefly, 1,000 cells of TO-PAI-1, TO-GFP, and parental PC3 cells were seeded in 96-well plate after the second subculture. Cells were incubated in the presence or absence of 1 Ag/mL doxycycline at 37jC. At the end of incubation, 20 AL CellTiter 96 AQueous One Solution reagent containing tetrazolium compound (MTS) were added to each well and the cells were incubated for 2 h at 37jC. Afterwards, optical absorbance was determined at 490 nm according to manufacturer's manual.
Tumorigenicity Assay Female 6-to 8-week-old NCr-nu/nu mice were obtained from the animal production colony of the National Cancer Institute, Frederick Cancer Research and Development Center. Cells were harvested by brief exposure to 0.25% trypsin/0.02% EDTA, washed twice, suspended in serumfree RPMI 1640/Matrigel mixture (1:1), and injected into the left flank region (2 Â 10 6 cells per mouse). The tumor volume was measured twice a week with calipers, and tumor weight was estimated by the formula: (length Â width 2 ) / 2. When tumor volume is at least 300 mm 3 , mice were fed with water containing 2 mg/mL doxycycline and 5% (w/v) sucrose (26) to induce the expression of tumor transgenes. Based on the study by Hebda et al. (27) , this doxycycline concentration does not affect normal angiogenesis, matrix metalloproteinase activity, collagen synthesis, or wound healing. At different time points, animals were sacrificed, sera were collected, and tumors were harvested and processed for PAI-1 antigen analysis and immunohistochemical staining.
Immunohistochemical Staining Formalin-fixed tumor tissue were immunoperoxidase stained for PAI-1 (Molecular Innovations), CD31 (BD PharMingen), cleaved-caspase-3 (Cell Signaling Technology), and Ki-67 (Neomarker) by the Roswell Park Cancer Institute Histology Core Facility. Briefly, tumor sections were cut into 5 Am sections, placed on charged slides, and dried in a 60jC oven for 1 h. After deparaffinization and rehydration of tumor sections, endogenous peroxidase was quenched with aqueous 3% H 2 O 2 . Antigen retrieval was done with citrate buffer (pH 6.0) in the microwave for 10 min followed by PBS/T wash. Sections were then treated with protein-blocking solution (0.03% casein in PBS/T) for 30 min and the primary antibody was applied for 60 min at room temperature. After incubation of biotinylated secondary antibody for 30 min, Zymed streptavidin was applied for 30 min. Signals were then developed with DAKO DAB Chromagen followed by hematoxylin counterstain.
For double immunostaining, the described protocol was followed to detect cleaved caspase-3. Subsequently, the sections were washed three times in PBS/T, and the same protocol was repeated, staining for CD31, which was developed with streptavidin-biotin conjugated to alkaline phosphatase and counterstained with Fast Red.
Assessment of Microvessel Density Mean microvessel density was assessed according to Weidner et al. (28) . Briefly, the sections will be scanned at low magnifications (Â25 and Â100) to identify the most vascular areas of the tumor (hotspots). Within these areas, mostly localized in the periphery of the lesion, a maximum of 10 fields at Â400 magnification are examined, and the mean value of these field calculated.
Image Analysis Quantitative analysis of immunohistochemically stained sections were done using ImageJ software (version 1.37v; NIH; ref. 29). Digitized images were captured at Â100 magnification, three different fields per stained section. Each image was split into its component red, green, and blue colors. The three images were then converted to grayscale images. The total number of cells was counted in the red image, and the number of immunohistochemically positive cells was counted in the blue image. A threshold was set for clear visualization of the displayed image.
Flow Cytometric Apoptosis Analysis Cells of TO-PAI-1 (2 Â 10 3 ) were first seeded on sterile vitronectin-coated glass coverslips and grown in 300 AL EGM-2 MV medium (Clonetics) in the presence or absence of 1 Ag/mL doxycycline for 24 h. A suspension of HMEC-1 was then added to coverslips (2 Â 10 3 cells per coverslip), and TO-PAI-1 and HMEC-1 were cocultivated at 37jC in the presence or absence of 1 Ag/mL doxycycline for 48 h. Control experiments were done with HMEC-1 cultured in the presence of 1 nmol/L paclitaxel (positive) or 1 Ag/mL doxycycline (negative). After the incubation period, cells were trypsinized, harvested by centrifugation at 1,000 Â g for 10 min, repeatedly washed with ice-cold PBS, and then suspended in ice-cold binding buffer [10 mmol/L HEPES/ NaOH (pH 7.4), 140 mmol/L NaCl, 2.5 mmol/L CaCl 2 ]. The rate of endothelial apoptotic cells was quantified using Annexin V-PE Apoptotic Detection Kit (BD PharMingen) combined with APC-conjugated anti-human CD31 (eBioscience). Because Annexin V may also bind to necrotic cells, counterstaining with 7-AAD was done to discriminate between necrotic and apoptotic cells. Cells were incubated for 15 min at room temperature. Cell suspensions were evaluated by a FACSCalibur system (Becton Dickinson) with gate analysis method to discriminate endothelial cells for further apoptosis analysis. Results were expressed as the number of apoptotic cells per 100 cells (%) with 10,000 cells counted.
Results

Conditional PAI-1Expression inTO-PAI-1Cells IsTightly Regulated by Doxycycline
Human prostate adenocarcinoma cells, PC3, containing a tetracycline-inducible cassette for conditional PAI-1 or GFP expression (TO-PAI-1 and TO-GFP, respectively) were established. Doxycycline, a stable derivative of tetracycline, was used to modulate transgene expression.
In the absence of doxycycline, TO-PAI-1, TO-GFP, and parental PC3 cells all express negligible levels of PAI-1 as determined by PAI-1 ELISA on cell extracts (Fig. 1A, solid  column) . In the presence of doxycycline (Fig. 1A, open  column) , a dramatic increase of PAI-1 expression was seen in TO-PAI-1 cells (349.09 F 4.5 ng/mg) when compared with control TO-GFP (52.62 F 1.73 ng/mg) or parental PC3 cells (50.12 F 1.89 ng/mg). PAI-1 is a secreted protein, and examination of the supernatants by immunoblotting likewise shows similar tight inducibility of PAI-1 expression in TO-PAI-1 cells (Fig. 1A, inset) . Fluorescence microscopy of control TO-GFP cells showed similar levels of inducibility compared with TO-PAI-1 cells (data not shown), showing the feasibility of using GFP as a control for transfection as well as transgene induction in vitro and in vivo. Dose-response experiments show that the maximal induction of expression in TO-GFP and TO-PAI-1 is obtained at doxycycline doses of z100 ng/mL. Induction is readily evident at 24 h post-doxycycline and is maximal (>95% induction) by 48 h (data not shown).
PAI-1 possesses two distinct biological activities, vitronectin binding and protease inhibition. To assess whether PAI-1 produced by TO-PAI-1 cells has these same activities, cell extracts were obtained and assayed for vitronectinbinding and protease-inhibitory functions in vitro. As shown in Fig. 1B and C, only doxycycline-treated TO-PAI-1 cells possessed significant vitronectin-binding and proteaseinhibitory activities when compared with untreated cells. None of these activities were observed in the parental PC3 cells or in the TO-GFP transfection control cells.
The MTS assay was done to evaluate the effect of PAI-1 expression on cell growth. The in vitro growth rate of TO-PAI-1 transfectants is identical to that of TO-GFP or parental PC3 cells and was independent of doxycycline. In addition, no morphologic differences were apparent between these cell lines (data not shown). Transfectants containing doxycycline-inducible PAI-1 were subsequently used to evaluate PAI-1 activity on PC3 tumor growth in vivo.
In vivo Induction of Xenograft Tumor PAI-1Results in Tumor Growth Inhibition
Because PAI-1 is inducible and functional, determined by vitronectin binding and protease inhibition, in TO-PAI-1 cells, and because doxycycline did not affect the growth rate, the cells described were ideal for in vivo studies of the effects of PAI-1 on tumor growth. Hence, 2 Â 10 6 TO-PAI-1 cells were implanted s.c. into the flank of nude mice (15 animals per group) and their growth rate was monitored. Each of the implanted cell lines grow at a similar rate in vivo as determined by gross examination and measurement of tumor volume. The median time to reach 200 mm 3 tumor volume is 50 days for control TO-GFP xenografts and 52 days for TO-PAI-1. When tumor volume reached 300 mm 3 at f58 days, doxycycline-doped drinking water was given to induce transgene expression. Five animals of each group were sacrificed at three different time points, representing pre-doxycycline, 2 days post-doxycycline, and 21 days post-doxycycline induction (Fig. 2, black arrows) . Xenografted tumors derived from TO-PAI-1 cells show a dramatic retardation in tumor growth when compared with those derived from TO-GFP cells (Fig. 2) . The induction of PAI-1 expression was confirmed by direct visualization using anti-PAI-1 immunohistochemistry (Fig. 2,  inset) and PAI-1 ELISA (Table 1) . No PAI-1 is detected in naive or doxycycline-treated TO-GFP tumor tissue. Tumor extracts from doxycycline-treated animals showed an increase of PAI-1 concentration in the TO-PAI-1 group as early as 2 days post-doxycycline treatment (Table 1) , and this elevation persisted for at least 21 days of continuous doxycycline treatment. In contrast, there is no significant change of PAI-1 levels in the TO-GFP group compared with untreated animals from either TO-GFP or TO-PAI-1 group. The sera of doxycycline-treated animals from either TO-GFP or TO-PAI-1 group show similar baseline PAI-1 levels, 0.75 F 0.04 and 0.74 F 0.05 ng/mL, respectively, which is at the lower limit of detection for this assay. This suggests that despite the overt presence of PAI-1 within tumor tissue no detectable amount leaves the tumor compartment.
PAI-1 Induction Results in the Selective Loss of Angiogenic Microvasculature
Xenografted tumors harvested at each time point were assessed by determining the density of immunohistochemically stained CD31 + blood vessels within the tumors. Both TO-GFP and TO-PAI-1 tumors show comparable vascular morphology and architecture (Fig. 3A) as well as vascular density (Fig. 3B) at the pre-doxycycline and 2 days postdoxycycline time points. PAI-1 overexpression leads to a significantly lower microvascular density (40.2 F 6.5 blood vessels per Â100 field) compared with control GFPoverexpressing tumors at the 21 days post-doxycycline time point (95.0 F 8.1 blood vessels per Â100 field). Striking differences in the morphology and architecture of CD31 + vessels are also evident when TO-PAI-1 tumors are compared with control TO-GFP tumors at the 21 days postdoxycycline time point (Fig. 3A) . Whereas the microvasculature of TO-PAI-1 tumors examined show a large number of relatively homogeneous small-caliber vessels, TO-GFP tumors exhibit a richly arborized, heterogeneous network of microvessels that successively branch from larger vessels.
PAI-1 Induction Results in Rapid Endothelial Apoptosis In vivo
To elucidate the possible mechanisms of PAI-1-mediated antiangiogenesis, the effect of PAI-1 on endothelial cell apoptosis in vivo was determined. The microvessel density between TO-PAI-1 and TO-GFP xenografts are similar just before doxycycline induction (66.5 F 12.2 and 67.2 F 6.7 blood vessels per Â100 field, respectively). In addition, endothelial apoptosis is negligible within both groups at this time point (Fig. 4A) . A wave of endothelial apoptosis occurs within the TO-PAI-1 tumors at 2 days after doxycycline treatment (10.2 F 1.5% apoptotic endothelial cell per Â100 field) despite comparable microvessel density between TO-GFP and TO-PAI-1 tumors (Fig. 3B) . In contrast, no significant change in endothelial apoptosis within control TO-GFP tumors was detected (0.8 F 0.8% apoptotic endothelial cell per Â100 field; Fig. 4A ). The dramatic elevation of endothelial apoptosis in TO-PAI-1 tumors was greatly reduced by 21 days post-doxycycline (2.6 F 0.9% apoptotic endothelial cell per Â100 field) despite a negligible increase in endothelial apoptosis when compared to TO-GFP tumors (0.8 F 0.8% apoptotic endothelial cell per Â100 field).
Quantification of tumor cell apoptosis was done to determine whether increased endothelial apoptosis post-PAI-1 induction is correlated with alteration in levels of intratumoral apoptosis (Fig. 4B) . TO-GFP and TO-PAI-1 tumors exhibited comparable apoptotic index before doxycycline treatment (1.5 F 0.2% and 1.4 F 0.1% apoptotic tumor cell per Â100 field, respectively). An increase of tumor cell death was observed in TO-PAI-1 tumors (2.4 F 0.1% apoptotic tumor cell per Â100 field) at 2 days post-doxycycline treatment in comparison with TO-GFP (1.6 F 0.1% apoptotic tumor cell per Â100 field). The elevation of tumor cell death in TO-PAI-1 tumors was diminished (1.9 F 0.1% apoptotic tumor cell per Â100 field) at 21 days post-doxycycline time point. Interestingly, a significant increase of tumor cell apoptosis was observed in TO-GFP tumors at this time point (2.7 F 0.1% apoptotic tumor cell per Â100 field).
Tumor cell proliferation was also analyzed by immunohistochemical staining for Ki-67 antigen (Fig. 4C) . Tumor cell proliferation is almost identical between TO-PAI-1 and TO-GFP tumors (58.4 F 4.6% and 60.5 F 8.0% Ki-67-positive tumor cell per Â100 field, respectively) just before doxycycline induction. However, there is a significant decrease in tumor cell proliferation occurring concomitantly with the initial wave of endothelial cell death in the TO-PAI-1 tumors (28.5 F 3.6% Ki-67-positive tumor cell per Â100 field). In contrast, this does not change within the control TO-GFP tumors at the 2 days post-doxycycline (61.0 F 4.6% Ki-67-positive tumor cell per Â100 field). This difference in proliferation between the control TO-GFP and the TO-PAI-1 tumors persists out to day 21.
Tumor growth is the balance between cell proliferation and apoptosis, and as such, the ratio between Ki-67-positive cells and apoptotic cells was examined. TO-GFP and TO-PAI-1 tumors exhibited comparable ratio of 
PAI-1 Induces Endothelial Apoptosis In vivo
Ki-67-positive cell/apoptotic tumor cell before doxycycline treatment (42.0 F 2.3 and 41.6 F 1.2, respectively). Consistent with the initial wave of endothelial cell death in the TO-PAI-1 tumors, a reduction of Ki-67-positive cell/ apoptotic tumor cell ratio was observed in TO-PAI-1 tumors (11.8 F 0.2) at 2 days post-doxycycline treatment in comparison with TO-GFP (38.1 F 2.4) . The dramatic reduction of Ki-67-positive cell/apoptotic tumor cell ratio in TO-PAI-1 tumors was greatly decreased by 21 days postdoxycycline (17.6 F 0.5) despite a significant difference is still manifested when compared with TO-GFP tumors (22.5 F 0.5).
PAI-1 Induces Vitronectin-Dependent Endothelial Apoptosis In vitro
Previous studies have shown that the modulation of cell adhesion to vitronectin by PAI-1 and this adhesioninhibitory effect may lead to increased cell apoptosis. of endothelial apoptosis was not observed in the absence of vitronectin in both the presence and the absence of doxycycline (Fig. 5) , nor when HMEC-1 cells were cocultivated with TO-GFP in all conditions (data not shown). These data suggest that the induction of endothelial apoptosis by PAI-1 is vitronectin dependent.
Discussion
The role of PAI-1 in angiogenesis is controversial with both inhibitory and promoting effects described in previous studies. These conflicting results may arise because of differences in tumor models, differences in the source of PAI-1 (tumor cells versus host cells), or its anatomical location. To further explore the effects of PAI-1 on newly established tumor vasculature, human prostate adenocarcinoma cells, PC3, conditionally expressing PAI-1 or GFP were established. Both TO-PAI-1 and TO-GFP show doxycycline-dependent induction of transgene expression as shown by PAI-1 ELISA and immunoblotting for TO-PAI-1 (Fig. 1A) and fluorescence microscopy for TO-GFP (data not shown). Previous studies by Kwaan et al. has established several PC3 cell lines constitutively expressing PAI-1 with levels in cell extracts ranging from 13 to 18 ng per 10 6 cells per 24 h (14) . Primary xenografted tumors derived from these cell lines exhibited reduced tumor volume as well as density of tumor-associated vasculature. In the current study, TO-PAI-1 cells were cultured in the presence of doxycycline for 2 days. Given an input of f6 Â 10 6 cells, PAI-1 levels in cell extracts would produce f30 ng per 10 6 cells per 24 h. This indicates that TO-PAI-1 cells, when induced by doxycycline, express comparable PAI-1 levels to stably PAI-1-transfected PC3 cell lines described in previous study (14) . At the same time, the induced TO-PAI-1 cells show no notable difference in cell growth when compared with naive TO-PAI-1, TO-GFP, or parental PC3 cells.
When injected s.c. in nude mice, both TO-PAI-1 and TO-GFP cells produce tumors that grow at a rate similar to parental PC3 cells ( Fig. 2; data not shown). Doxycycline administration in the drinking water after tumor size reaches 300 mm 3 caused a significant decrease in the growth rate of TO-PAI-1 xenografts compared with that of TO-GFP xenografts (Fig. 2) . These results are in accordance with results from Soff et al. (14) and Jankun et al. (30) , where endogenous and exogenous PAI-1 significantly inhibits tumor growth. This inhibition is largely attributed to the antiangiogenic effect of PAI-1 as shown by CD31 immunohistochemical staining (Fig. 3 ) and previous studies (18) .
Interestingly, a wave of tumor endothelial apoptosis 2 days post-PAI-1 induction was observed (Fig. 4A) . Previous studies show that PAI-1 inhibits endothelial cell adhesion and migration on vitronectin (31) . Vitronectin is specifically present around microvessels (19, 31) and may serve as the adhesion molecular for endothelial cells during angiogenic response. The results described here support a model in which PAI-1 binds to vitronectin and then inhibits the interaction between the RGD site within vitronectin and endothelial cellular integrin a v h 3 . PAI-1 then induces apoptosis by preventing the binding of endothelial cells to surrounding extracellular matrix during angiogenesis and disrupts integrin-mediated signaling. The resulting loss of contact then triggers the default apoptosis program within cells, called anoikis. This model is supported by results of Al Fakhri et al. (32) , which showed an induced vascular apoptosis in vitro by the antiadhesive property of PAI-1. The antiadhesive effect is rapid in vivo as shown by a wave of endothelial apoptosis within 2 days of PAI-1 induction (Fig. 4A) .
The same induction of endothelial apoptosis can only be recapitulated by cocultivation of TO-PAI-1 and HMEC-1 in vitronectin-coated plates but not in uncoated plates (Fig. 5) . The dependence of vitronectin for PAI-1 to induce endothelial apoptosis as seen in this system lends credence to our hypothesis that the activity of PAI-1 stems in some way through disruption of endothelial adhesion to vitronectin.
The net effect of sustained tumor PAI-1 expression is long-term inhibition of tumor growth. This is likely due to a significant reduction of tumor cell proliferation as well as a slight increase in tumor apoptosis. The observation is somewhat unusual because several reports (33, 34) suggest that antiangiogenic therapy is mainly associated with tumor apoptosis. It is possible that competition between PAI-1 and cell membrane integrin already bound to vitronectin favors the latter because of its higher affinity. Once bound to its ligand, the integrin-mediated endothelial cell adhesion is further strengthened by the formation of cell-substratum focal contacts (35) . During active angiogenesis and in the newly established vasculature, however, angiogenic endothelial cells actively break focal contact and further readhesion to vitronectin is inhibited by a high local concentration of PAI-1 in the tumor microenvironment. In contrast, quiescent endothelial cells statically rest on established cell-substratum contacts, which are relatively immune to PAI-1. Therefore, migrating and differentiating endothelial cells in newly established angiogenic vessels are relatively more sensitive to PAI-1 than the more wellestablished microvessels. Tumor growth is dependent on the continued formation of neovessels. Once interrupted, the end result is a failure to increase tumor size without necessarily shrinking the tumor, just as seen here.
Taken together, the results presented here shows for the first time the effect of PAI-1 on newly established tumor vasculature through endothelial apoptosis. This induction of endothelial apoptosis by PAI-1 has shown to be vitronectin dependent in vitro. The lack of endothelial apoptosis shown in previous studies may reflect the difference in experimental design with PAI-1 constitutively expressed by tumor cells or administered immediately after tumor cell implantation. Although the mechanism of endothelial apoptosis induced by PAI-1 is not clear, the data presented here suggest that PAI-1 exerts its primary effect at the early stage of tumor angiogenesis through its vitronectin-binding activity. Further experiments will exploit this finding in an attempt to enhance therapeutic modalities aimed at modulating angiogenesis.
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